Abstract-Maritime applications have found in the integration of the electric power system a way to further improve efficiency and reduce the weight of new electric ships. This movement has led scientists to integrate smart management systems to optimize the overall behavior of the grid. In this context, power electronics play a key role in linking the different elements of the power architecture. Moreover, the transition toward a dc distribution, which has already been established in other applications, is being regarded as a promising alternative to ease the integration of renewable sources, batteries, and the ever increasing number of dc loads. In this paper, blackbox models are proposed as a tool to foresee the effect of these complex interactions, overcoming the lack of detailed information about the power converters. Large-signal strategies are proposed in order to consider nonlinearities in the static and dynamic behavior of the converters. An accurate model of the physical layer is essential to allow intelligent systems to take the most out of the system performance. This approach offers the opportunity to study the dynamic response of complex interconnected systems, tune the system-level controllers, design protections, or assess the compliance of the system dynamics with the standards. Experimental results are included in order to validate the proposed method.
I. INTRODUCTION

N
EXT generation of electric ships are expected to improve the power distribution system so that fuel savings, reduced size and weight, and enhanced reliability can be achieved [1] . Some of the strategies proposed to accomplish these objectives are the implementation of dc systems, the inclusion of renewable sources, especially solar energy, and the complete electrification of ships, merging the propulsion system with the rest of the services in an integrated power system [2] - [4] . In this new scenario, the use of energy storage systems provides opportunities to optimize the power management [5] , [6] .
Intelligent power management systems are being proposed to optimize the power flow within the grid and the dynamic behavior during transients [7] - [9] . In this complex architecture, a dc power distribution entails interesting advantages in terms of simplicity of the power converters and the whole control strategy, avoiding extra ac/dc conversions and problems derived by ac distribution as harmonics, synchronization, etc. [10] . Different control strategies proposed for terrestrial dc microgrids can be introduced to maritime applications, as hierarchical control structures [11] . This strategy consists of a primary level, where the voltage or current is regulated; a secondary level, where ancillary services can be included as bus voltage restoration or current sharing; and a tertiary level, where usually power flow is managed by optimization algorithms (see Fig. 1 ).
One of the main differences between terrestrial and maritime dc microgrids is that terrestrial grids generally work in a gridconnected mode, whereas maritime grids work islanded/off-grid in normal operation [12] . Consequently, generation and consumption are of the same order. Furthermore, the length of cables is much shorter in ships. These facts lead to a tightly coupled dynamic behavior and higher effect of transients. Therefore, in this kind of application special attention should be paid to the dynamic assessment of the system, as it has been explicitly recommended in the standards [13] , [14] . In this context, obtaining an accurate model of the physical layer is key to design systemlevel controllers able to follow optimized references, to assess their effect on the interconnected system dynamic, or to study the system stability, which might result in additional restrictions for the optimization algorithms. The modeling methods used to describe the dynamic behavior of dc power converters can be classified in analytical or blackbox approaches, according to the level of information required; and in linear or nonlinear structures [15] . Analytical approaches are the most popular in the literature [16] - [20] , however, in practical applications, the use of commercial-off-the-shelf (COTS) converters is advantageous in terms of cost and time to market reduction. Consequently, detailed information about the devices will be limited. Regarding blackbox approaches, the two-port small-signal models are the most extended [21] - [23] . These models are very suitable for dynamic assessment of interconnected systems and stability analyzes, however they are limited to linear systems or applications with a fixed operating point. Blackbox large-signal structures are the most challenging approaches, since they must reproduce nonlinear behaviors of uncertain systems. The need for large-signal approaches in electric ships has been justified in the literature and some analytical solutions can be found in [24] and [25] . The literature about blackbox large-signal models able to describe interconnected systems is scarce, the related research works are focused on standalone converters or compared with detailed simulations [26] - [30] .
In this paper, a microgrid consisting of generators, storage units, and loads interconnected with a dc bus is considered. These elements are interfaced by means of power converters. In this complex environment, a method to estimate the dynamic behavior of the dc bus is proposed. The approach is based on blackbox large-signal techniques, to deal with the lack of detailed information about COTS converters. The addition of secondary level control layers is also studied, where their effect on the bus dynamic can be checked and the controllers can be tuned if necessary. The results have been validated with laboratoryscaled experiments. The main contributions of this work are summarized as follows.
1) Application and experimental validation of the capability of a novel polytopic model with dynamic weighting functions to reproduce the nonlinear behavior of COTS converters. 2) A methodology to assess the dynamic performance of secondary controllers applied to COTS converters in a dc integrated power system. 3) An interconnection method able to combine the largesignal blackbox models into any desired power distribution structure. The rest of the paper is organized as follows. The structure of the system considered is presented in Section II. Blackbox modeling techniques are discussed in Section III. The experimental setup used for the validation is introduced in Section IV. The different case studies analyzed are shown in Section V. Finally, the conclusions of the paper are exposed in Section VI.
II. SYSTEM OVERVIEW
The power architecture considered in this work consists of four fundamental elements: generators, storage units, propulsion system, and ship service loads. A scheme of the system is depicted in Fig. 2 , where each of these items should have a number of units in parallel, but they have been brought together in order to simplify the diagram. All the elements in the system are interfaced by means of power converters. They contribute by offering controllability of each part of the system and decoupling their dynamics.
A hierarchical control structure is considered for the generation and storage units. The primary control is based on droop controllers, to deal with the parallel connection of units regulating the bus voltage. The secondary level includes voltage restoration, which can help to keep the bus voltage within the limits, and current sharing, which could be controlled by algorithms that optimize the power flow among the units. The tertiary level is not considered in this work. However, the extension of the approach to include different buses and their power flows is straightforward, as it will be detailed in the following sections.
The main concern in this power architecture is the dynamic behavior of the dc bus, which is affected by the COTS converters, their control structures and the changes in the load. In this paper, the load profile of a drilling vessel with dynamic positioning (DP) has been selected as a testbed. The shape of this profile is characterized by different operation modes, which depend on the weather conditions. Four different cases are considered: Mode A for normal DP and normal drilling, Mode B for heavy DP and normal drilling, Mode C for heavy DP and heavy drilling, and Mode D for survival (see Fig. 11 ). These mission profiles are further detailed in [6] .
The next section details the methodology to extract dynamic models from the COTS converters, how to integrate them to the bus architecture in a modular fashion, and how to include •Y-parameters model •H-parameters [26] , [27] , [33] Variation of input variables:
•G-parameters Soft Sharp [21] , [23] Static Dynamic weighting weighting functions functions [28] [ 34] system-level controls to these models, in order to predict their effect on the overall dynamic of the system.
III. BLACKBOX MODELING
Blackbox modeling refers to the design of dynamic models of a system whose internal details are unknown. This approach is very useful for power distribution systems based on COTS converter. On the one hand, the manufacturers of the converters will avoid giving detailed information about their devices due to confidentiality issues. On the other hand, it is well known that the interconnection of power converters can lead to dynamic degraded or even instable systems [31] , [32] . These interactions among power converters are especially relevant in maritime applications, where different elements are tightly coupled. Table I summarizes the different blackbox model structures for dc-dc power converters that can be found in the literature. These structures are classified according to the kind of response they are able to represent. The models are arranged by order of complexity from left to right. The simpler option, the linear model, has been widely used for converters that mostly work in their nominal operating point, taking advantage of the powerful tools available for linear systems to analyze dynamic interactions and stability, as Bode plots and admittance or Nyquist criteria. However, as the power distribution systems become more complex, flexible, and intelligent, the operation conditions of the power converters are more variable, limiting the validity of the small-signal approximations. On the other hand, the nonlinear models can be divided according to the kind of nonlinearity, which can be reflected only in the static behavior of the converter, or also in its dynamic response.
The methodology to obtain the blackbox models is based on the application of perturbations to the system in specific conditions and the identification of transfer functions from its response. In power electronics the most extended structure is the two-port model, where the four variables (input and output currents and voltages) are divided as inputs and outputs of the model. The most popular configuration is to use the input voltage and output current as inputs of the model and output voltage and input current as outputs, which is called G-parameters model (see Fig. 3 ) [22] , [35] - [38] .
Four transfer functions must be identified to create the model (1). They are obtained perturbing one of the input variables, while the other input is kept constant, and measuring the response of the output variables. This test will define two of the transfer functions, whereas the reciprocal will define the remaining two. The overall structure constitutes a small-signal model around the operating point in which the variables were kept constant. The perturbation can be performed in frequency or time domain. More details about how to obtain experimentally this kind of model can be found in [21] , [23] , and [39] , where techniques to avoid interactions with the source and load used to conduct the tests are proposed.
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A. System-Level Control Model
The two-port models described above are able to represent the small-signal behavior of COTS converters. Furthermore, these structures can be modified or combined to form more complex models able to capture nonlinear behaviors, as the ones included in Table I . In this paper, the classical two-port network is modified in order to make it possible to integrate a system-level control. The idea is to create a structure that can be used for large-signal analysis and interconnected with other models in any desired architecture.
System-level controllers generally modifies the reference of the controlled variable of the converters [11] . Therefore, by including the transfer functions from the controlled variable to the outputs of the model, it is possible to predict its effect on the dynamic of the converter. The procedure to obtain this new transfer function is analogous to the one presented in the previous section. A perturbation should be introduced in the reference of the converter, whereas the other input variables are kept constant in the operating point considered. Particularizing on the G-parameters model of a voltage controlled converter, the following transfer functions can be identified from the response of the output variables to these tests:
This new input allows the integration of secondary controllers. For instance, to include the effect of a droop control, the reference voltage should be as follows:
where V n is the nominal reference value, k is the droop parameter, and I out is the output current of the model. Similarly, secondary control strategies, as current sharing or voltage restoration, can be implemented by adding the output of the controllers to the reference value or to the droop parameter. The contribution of this controller V CS to the reference voltage (see V ref in Fig. 8 ) is given by
where e is the input of the PI controller, I g and Ib are the grid and battery currents, respectively, and K p and K i are the proportional and integral gains of the regulator, respectively. Analogously, the contribution of the voltage restoration controller V V R to the reference voltage (see V ref in Fig. 8 ) is given by
where V bus is the bus voltage and V n is the reference voltage. An example of these implementations is given in the next section. A PI controller has been used as an example in this work, however any other regulator that affects the reference value of the primary controller of the COTS converter, could be included in the same manner.
B. Large-Signal Model
Small-signal models can be very accurate to simulate the response of converters with linear behaviors or applications where the operating point does not differ substantially from the nominal conditions. However, the variability of dc microgrids in general and, specifically, those applied in maritime applications, makes the system work in many different conditions. This fact is particularly relevant in case optimization techniques are applied, which may include nonlinear controllers, different operation modes of the converters or bidirectional power flows. The nonlinearities in the converters might be reflected fundamentally in their static behavior or they can affect both their static and dynamic behavior. Wiener-Hammerstein models have been proposed to represent the former [27] , [33] , whereas polytopic models are the ones capable of representing the latter [28] , as described in Table I. The polytopic model is able to represent systems with nonlinear dynamic behavior by integrating small-signal models obtained in different operating points. From a blackbox perspective, the small-signal models are generally two-port models, which are merged in a large-signal model by means of weighting functions, as represented in Fig. 4 . In [29] , [30] , and [40] , the performance of this technique to analyze dynamic interactions in complex dc distribution systems has been investigated at simulation level. An overview of blackbox modeling techniques can be also found in [15] .
In the literature, there is a lack of methodologies to optimize the selection of operating points and weighting functions in order to have the maximum accuracy with minimum complexity. A mathematical relationship between the number of operating points and the accuracy of the model, related with the response of the converter, would be of great interest to design efficient models. Besides, polytopic models increase their complexity exponentially with the number of operating points considered, so metaheuristic optimization algorithms could be an interesting solution to this problem. In this regard, the development of an automatic procedure to obtain blackbox polytopic models of COTS dc-dc converters is part of the future work.
Double sigmoid is the common choice of weighting function for this kind of model, see (8) . Some of the reasons are that they provide flexibility and a smooth result for the transition among small-signal models. However, their suitability for nonlinear systems with sharp variation of the input variables can be compromised. Recently, dynamic weighting functions have been proposed to increase the accuracy of polytopic models in these cases [34] .
The weighting functions affect the dynamic behavior of the model. A higher weight is assigned to the small-signal models identified closest to the operating point in which the model is working. The classical weighting functions use the inputs of the model, which in general do not have restrictions in their variation. For instance, in case a given input of the model varies with a step response, the weighting function will change instantaneously the dynamic behavior of the model. However, the rate of change of the system dynamic is limited by its poles, therefore often a certain dynamic in the rate of change of the weighting functions is a better approximation of the real system behavior. In fact, analytical polytopic models commonly use the state variables of the system as inputs of the weighting functions, because they are related with the dynamic of the system by definition. Actually, the dynamic weighting functions are a mean to relate the inputs of the model with the state variables, which can be approximated by means of the poles of the system. The combination of a transfer function, including a selection of the poles of the system, and the static weighting function is called dynamic weighting function.
The mathematical justification of this relationship was not included in [34] , but it can be derived by representing the statespace equation, applying the Laplace transformation and rearranging terms to express the state variables as a function of the inputsẋ
where x is the state vector, u is the input vector, A is the state matrix, B is the input matrix, and I is the identity matrix. This equation clearly shows the relationship between the inputs of a system with their state variables by means of its eigenvalues, which are the poles of the transfer functions identified, in case the states are observable. Therefore, the assumptions made for the use of dynamic weighting functions are validated with this expression. In the next section, this strategy is used to obtain the blackbox model of the rectifier power converter.
IV. EXPERIMENTAL SETUP
A experimental setup (see Fig. 5 ) has been assembled in order to validate the blackbox modeling techniques described above to predict the dynamic behavior of dc microgrids for maritime applications. In this section, it will be described how the system has been arranged and how it has been identified.
A. System Description
The system consists basically of two sources controlling in parallel the bus voltage and an electronic load. It contains the minimum number of elements that allow checking the phenomena of interest, i.e., parallel and series connection of power converters, parallel connection of voltage source converters, secondary-level control strategies, and load variations.
One of the sources is a rectifier connected to the electric grid, which will represent the generation units of the ship. A stepdown transformer was introduced to reduce the line to line voltage below the desired bus voltage and to provide galvanic isolation. The bus voltage was set to 360 V in order to keep it safely within the COTS converter rating values. The other source is connected to a 48V dc power source, which represents a storage unit. These source converters and their blackbox models will be further detailed below. Finally, a Chroma dc electronic load (model 63204) feeds from the dc bus, working as a controlled current load. A hardware-in-the-loop device (Dspace version DS1006) has been used to perform the control of the rectifier, to set the waveform of the current demanded by the electronic load and to capture the currents and voltages of interest. Fig. 6 depicts the scheme of the system described.
B. Rectifier Model
The rectifier converter has been implemented with a Danfoss FC-302 IP20 2.2 kW [41] . This converter has a three-phase IGBT bridge and an EMC filter in the dc side. In the ac side, a LCL filter was externally added. The control has been integrated by means of the Dspace HiL device. The control consist of a PLL to synchronize with the grid frequency, an inner input current control and an outer output voltage control to regulate the bus voltage. The inner controller is the one proposed in [42] , where a detailed description of the control and its design can be found. The voltage control includes droop control and the possibility to add a secondary control for current sharing or voltage restoration purposes. Fig. 7 depicts the structure described above. The focus of this work is on the dc part of the rectifier, so no perturbations are considered in the grid voltage. Under this assumption, only the output impedance from the G-parameters (1) is needed to characterize the behavior of the output voltage. Furthermore, the transfer function from the control to the output voltage was identified, in order to be able to account for the effect of secondary controllers.
The output impedance of the rectifier was identified with the grid as a source and the electronic load as the load. The voltage reference was set to 360 V, the droop parameter was set to 0 and no secondary controls were included. The identification was performed in time domain, as the electronic load used is able to provide enough slew rate for the load steps. Notice that in time domain, a high slew rate is necessary to excite high frequencies slew rate ≥ 2πf A pk
where f is the frequency of a sinusoidal signal with a peak value of A pk . The maximum slew rate of the electronic load is 25 A/μs. Assuming a 0.5 A pk sinusoidal is well above the noise level, the maximum observable frequency is around 8 MHz, which is much higher than the switching frequency of the converter (10 KHz). With this configuration, the electronic load in current mode was set to different current values and steps of 10% of these values were performed to obtain the dynamic behavior of the converter. This value was selected as a good compromise between high enough to avoid the effect of the noise and small enough to ensure a small-signal behavior. From these tests, it was observed that the converter has a different dynamic behavior at light load, I out from 0 to 0.5 A (0-180 W), compared with the behavior at higher values of the load. For values of the output current above 1 A, it was observed that the dynamic behavior did not vary considerably. The data of the response of the output variables to the input perturbations was used in the System Identification toolbox of MATLAB in order to obtain the transfer functions. According to the observed behavior of the converter, two transfer functions were obtained: one at I out = 0.1 A and another at I out = 1 A. Subsequently, a polytopic model with dynamic weighting functions was designed selecting the poles of the transfer functions that better approximate the transition between small-signal models. Similarly, the G c transfer functions, described in (2) , were obtained at the two operating points mentioned before. Finally, the blackbox model was assembled as sketched in Fig. 8 and the transfer functions obtained are presented in Table II . The static weighting 
where ω i (I out ) are the weighting functions of the small-signal models i, which depend on the output current, I out , m i , and c i are the slope and the center of the rising edge of the sigmoid and m i+1 and c i+1 are the slope and the center of the falling edge. In this case, the two models have one interface interval with a slope m = 20 and a center in c = 0.4 A. These parameters were tuned with the response of the system to a step from one operating point to the other. As mentioned earlier, the identification process of the polytopic models with dynamic weighting functions has been defined in such a way that algorithms can be applied for the automation of the model obtainment. From the response of the system to small and large-signal steps perturbations in the input variables, the program should be able to select the number of operating points to be considered, the slope and center of the weighting functions, and the poles to be included in the transfer functions of the dynamic weighting functions. These decisions are subjected to a tradeoff between accuracy and complexity of the overall model.
C. DC-DC Converter Model
The dc-dc converter has been implemented with a TDKLambda EZA 2500 2.5 kW bidirectional dc/dc converter 320/48 V (300-380 / 36-60 V) [43] . This converter was used with its own controller and no external components were added. The control includes droop and it can be modified by means of serial communication RS-485. In order to make the identification it was connected to the dc source, a Regatron TopCon TC.GSS, and the electronic load. Once more, the load was set to current mode and 10% steps were performed at different current values. No substantial changes in the dynamic response were observed with the load variation; therefore a small-signal model was enough to represent the converter in the conditions proposed. The integration of the series communication with the HiL program will be considered in future work. In this case, fixed values of the droop parameter were considered. The structure of the blackbox model identified is represented in Fig. 9 and the data is shown in Table II . In the next section, the interconnection of the blackbox described above will be detailed and their performance will be analyzed in different scenarios.
V. CASE STUDIES
An interesting advantage of two-port models is that they can be combined in different ways to create more complex structures. In this section, it will be shown how the interconnection of the individual blackbox models can be used to predict the interaction among the converters and their secondary controls. Finally, the simulation results will be validated by comparing them with the real equipment in the same situations.
A. Simulation Results
The previous sections detailed how to obtain the blackbox models of the different converters used in this work. Now the goal is to use them to be able to simulate the behavior of the system shown in Fig. 6 . The idea is to use the outputs of the models as references for controlled sources, which will be connected together to supply the loads. The input of the models, the output current in this case, will be fed back with a current measurement during the simulation. Thus, the only input of the model is the current demanded by the load. A sketch of the interconnection of the blackbox models identified is shown in Fig. 10 . In this work, the focus is on the dc bus, however it would be straightforward to extend this strategy to include the input port of the converters, using current sinks governed by the input current given by the G-parameters model, and measuring the input voltage to feed it back to the model. Those transfer functions have been excluded from this work for purpose of clearness. In addition, the series or parallel connection of further converters is also simple following the same idea.
1) Interaction Among Converters:
The interconnected model detailed before will be used to study the behavior of the system under different circumstances. In Fig. 11 , the dynamic of the signals is compared when only the grid interfacing converter supplies the load and when the battery interfacing converter is connected in parallel. This load profile will be used throughout all the experiments. It represents the different power requirements of a drilling vessel under various conditions as detailed in [6] . The power levels have been scaled to the power ratings of the converters available in the laboratory. The results show how the bus voltage experiences much higher oscillations when only the grid connected converter is supplying the load. At time = 8 s, the second converter is connected and the bus voltage reduces considerably its fluctuation under load steps.
In this example, the reference voltage of the battery converter was reduced to 345 V, so it delivers current when the load is high and it stores energy when the load level is low. The droop parameters, k d were set to 5 and 9.3 for the rectifier and the TDK-Lambda, respectively. From this detailed information about the system dynamics, it would be simple to extract a estimation of the state of charge (SoC) of the battery, as represented in the results, and the amount of energy that could be extracted during the transients of the system, which are commonly wasted in resistors banks. In this example, if we consider that 1 s corresponds to 1 h, the battery shown would have a capacity of 2.4 kW · h. The coulomb county method was used for the SoC estimation, which was considered to start at 50%. The fluctuation of the SoC can be predicted based on the dynamic behavior of the system, which is a valuable information in order to calculate an optimal battery capacity.
2) Effect of Secondary Control: The next simulation shows how the behavior of the microgrid is affected when a secondary control is added. In this case, the secondary control shown in 8 is activated as a current sharing control. A PI controller is added to regulate the output current to be equal to the average of both source converters [see (4) ]. The proportional gain is set to K p = 1 and the integral gain K i is varied to three different values. In Fig. 12 , it is shown that for K i = 100 the transitions are slow and without oscillations. For K i = 1000, the dynamic is faster and some oscillations start to appear and for K i = 2000 the oscillations become considerable. Notice that the model not only shows the expected higher oscillatory behavior when the gain is increased, but also a precise estimation of the actual behavior of the interconnected system, as it will be illustrated in the experimental validation. Therefore, the suitability of this model to design secondary controllers, as well as the possibility of checking the behavior of the converters arranged in different configurations and working in various conditions, is exposed.
B. Experimental Validation
The previous simulations results have been validated comparing the model behavior with the real hardware in similar conditions. In order to perform the comparison, the blackbox model was integrated in the HiL real-time simulator. The load profile was set into the electronic load and the only input of the blackbox model, I L from Fig. 10 , was included as a measurement of the physical load current. Then the rest of the physical measurements are compared with the model results.
1) Comparison Between Small-Signal and Large-Signal
Models: The first part of the validation compares the response of the small-signal models and the large-signal model with the setup response. These experiments show that the behavior of the system at low power differs from the behavior at medium and high power.
The first experiment depicts the response of the system when the current sharing control is activated at low power, see Fig. 13 . It can be seen that the large-signal model follows the smallsignal model identified at low power conditions and it is a good estimation of the setup behavior. Compared with the small-signal model identified at high power conditions there is a difference of 25% in the overshoot and twice the settling time of the bus voltage. Also the output currents of the battery and grid interface converters are compared with the smallsignal models, but these comparisons are made separately for clarity.
The second experiment is performed in similar conditions but with a higher power demand from the load, see Fig. 14. Again the small-signal and large-signal models are compared with the measured signals from the setup when the current sharing control is activated. In this case, the large-signal model follows the small-signal model identified in high power conditions and it replicates the setup response with a good accuracy. Similarly, the setup behavior differs from the small-signal model obtained in low power conditions in around 25% of overshoot and half the settling time of the bus voltage. As in the previous case, the comparison of the output currents is made separately.
Having shown the suitability of the large-signal model to simulate the system, the next set of experiments will be focused on the capability of the model to include the effect of different system-level controllers and its comparison with the setup response.
2) Droop Control: The first comparison was made without a secondary control. As the dc source was unable to absorb energy, the voltage references of both converters were set to the same value (360 V). The droop parameters, K d were set to 5 and 9.3 for the grid and battery converters respectively. Fig. 15 shows how the model is able to represent precisely the measurements.
3) Current Sharing: The next comparison was made adding a current sharing secondary control level [see (4) ]. The k i was set to 1000, which was found as a good compromise between fast and low oscillations in the previous simulations. In Fig. 16 , the comparison is shown, which includes the activation of the current sharing control loop. The results show how the activation of the current sharing provokes a drop in the bus voltage and it makes the system more oscillatory, as it was expected from the previous simulations. The agreement between model and measurements is very high.
4) Voltage Restoration:
Finally, a voltage restoration secondary control was added instead of the current sharing control. A PI regulator has been used, comparing the bus voltage with the 360 V reference [see (5) ]. The proportional gain was set to 1 and the integral gain was set to 10. In Fig. 17 , the activation of the voltage restoration is represented. As this control is only applied to the grid connected converter, most of the load current is supplied by this converter while using this strategy. Once more the model follows the measurements in all conditions. In the future work, the RS485 communication with the TDK converter will be integrated with the Dspace, so both converters can have the secondary control and share the load while performing voltage restoration.
VI. CONCLUSIONS AND FUTURE WORK
The next generation of electric ships is expected to integrate a great deal of power converters. These devices will help to optimize the behavior of the whole system in terms of size, weight, efficiency, reliability, and cost. However, the own nature of the ships, islanded and relatively small compared with terrestrial applications, makes them especially sensitive to dynamic interactions. This issue is particularly relevant when system-level control strategies, nonlinear controllers, or different operation modes are considered. This paper proposes a methodology to study in depth the large-signal interaction of COTS power converters in a modular way, so different system configurations can be easily analyzed. Furthermore, a method to predict the behavior of the system when system-level controllers are added to the converters is presented. Finally, the results are validated comparing in real-time the models with the physical system. This methodology can be a useful modeling tool for the system studies advised in the IEEE recommendations for this kind of systems.
In the future work, the suitability of the proposed methodology will be assessed in different scenarios. Some possibilities are: the use of various kinds of loads, the comparison of the dynamic performance of the bus using different architectures or when several power converters are added with different systemlevel controllers, converters with different operation modes or nonlinear controllers, etc.
